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1
ELECTRO-MAGNETIC VALVE DRIVER

CROSS REFERENCE TO RELATED
APPLICATION

The present application is based on and claims the benefit
of priority of Japanese Patent Application No. 2013-247871,
filed on Nov. 29, 2013, the disclosure of which is incorpo-
rated herein by reference.

TECHNICAL FIELD

The present disclosure generally relates to a device for
driving an electro-magnetic valve and a driver device that
discharges electric energy charged in a capacitor to a coil of
the electro-magnetic valve to improve a responsiveness of
the electro-magnetic valve and to collect a flyback energy
generated at an end of an electricity supply time of the coil.

BACKGROUND INFORMATION

Conventionally, in a fuel injector for an engine, an electro-
magnetic valve has a coil that is opened by receiving a
supply of electricity to the coil.

A fuel injection control device controls an injector to
control an injection of fuel. The fuel injection control device
also controls a fuel injection amount and timing by control-
ling an electricity supply timing of electricity supplied to the
coil.

In such a fuel injection control device, a charge voltage
for charging a capacitor is set to a target voltage by boosting
the electricity supply voltage with a booster circuit and by
charging the capacitor at the boosted voltage. Then, at a time
of starting the electricity supply to the coil, a switch that
connects the capacitor to an upstream side of the coil
(hereinafter “discharge switch”) is switched ON to supply a
peak current from the capacitor to the coil for a quick
opening of the valve in the injector. Thereafter, a constant
electric current is supplied to the coil for keeping the injector
in a valve-open state until the end timing of the electricity
supply time. Further, the fuel injection control device col-
lects, to the above-mentioned capacitor via a diode, the
flyback energy (i.e., a counter-electromotive energy) that is
generated at the end timing of the electricity supply time for
supplying electricity to the coil. Such an arrangement is
disclosed in a patent document 1 (i.e., Japanese Patent
Laid-Open No. 2002-303185).

In the conventional fuel injection control device, when an
open failure which disables a switch-ON of the discharge
switch, the following problems are caused.

Although a discharge current from the capacitor cannot be
supplied to the coil of the injector when an open failure is
caused in the discharge switch, the valve opening operation
of the injector can still be performed by using a constant
current circuit that supplies a constant electric current for the
coil.

However, even in such an open failure time, the flyback
energy generated at the end timing of the electricity supply
time for supplying electricity to the coil will be collected to
the capacitor via the above-mentioned diode, and electric
discharge for discharging electricity from the capacitor will
not be performed since the discharge switch suffers the open
failure.

Therefore, the charge voltage of the capacitor will rise due
to the flyback energy collected from the coil at every drive
time of the injector (i.e., more specifically, at the end timing
of the electricity supply time for supplying electricity to the
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2

coil each time the injector is driven). Thus, the charge
voltage of the capacitor will reach an abnormal voltage that
leads to the damage of other circuit elements (i.e., other
components other than the discharge switch) immediately,
which means that the fuel injection control device soon
suffers from multi-component failure.

When the multi-component failure is caused by the abnor-
mal rise of the charge voltage, there is no guarantee of a
normal drive operation of the injector, which results in the
stopping of the vehicle engine and a hindrance to the ability
of the vehicle to travel.

Alternatively, for example, to prevent the multi-compo-
nent failure, the drive of the injector may be intentionally
stopped when the charge voltage of the capacitor is detected
to be exceeding a predetermined value. However, such a
configuration (i.e., a forceful stop of the injector) will yield
the same result. That is, when the discharge switch suffers
from the open failure, the charge voltage of the capacitor
exceeds the above-mentioned predetermined value immedi-
ately. As a result, the engine stops and the ability of the
vehicle to travel is hindered.

Therefore, when an open failure is caused in the discharge
switch of the conventional fuel injection control device, a
retreat travel of the vehicle under control of the driver is
hindered, which affects the driver’s ability to retreat to a safe
place.

SUMMARY

It is an object of the present disclosure to provide a device
for driving an electro-magnetic valve, in case that such a
device suffers from an open failure of a discharge switch that
serves as a part of a discharge path/circuit for discharging
electricity from a capacitor to a coil of the electro-magnetic
valve, which is enabled to continue a drive control of the
valve by preventing a continuation of rise of the charge
voltage that charges the capacitor.

In an aspect of the present disclosure, an electro-magnetic
valve driver has a downstream switch disposed in series on
a downstream side of a coil in an electric current path that
supplies an electric current to the coil of an electro-magnetic
valve, and also has a first upstream switch disposed in series
at a position between (i) an electricity supply line to which
an electricity supply voltage is applied and (ii) an upstream
of the coil in the electric current path.

Further, the electro-magnetic valve driver has a capacitor
storing an electric energy that is to be discharged to the coil,
a charger charging electricity for the capacitor to boost/raise
a charge voltage of the capacitor to a target voltage that is
higher than the electricity supply voltage, a second upstream
switch connecting the capacitor to an upstream side of the
coil in the electric current path, a flowback section flowing
the electric current back to the capacitor when the first
upstream switch is switched from ON to OFF during a
switch ON period of the downstream switch, and an elec-
tricity supply time setting section setting an electricity
supply time for supplying the electricity to the coil.

Further, in the electro-magnetic valve driver, an electric
current controller is provided, for switching the downstream
switch to ON during the electricity supply time set by the
electricity supply time setting section while

(1) supplying a peak electric current from the capacitor to
the coil for a quick operation of the electro-magnetic valve
by switching the second upstream switch to ON at a start
timing of the electricity supply time,

(2) after supplying the peak electric current, supplying a
constant electric current that is smaller than the peak electric
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current to the coil by (a) switching the second upstream
switch to OFF and (b) performing a first upstream switch
ON-OFF control, and

(3) after an end timing of the electricity supply time,
ending the first upstream switch ON-OFF control and
switching the first upstream switch to OFF.

Further, in the electro-magnetic valve driver, a flyback
energy of the coil which is generated by a switch OFF of the
downstream switch and the first upstream switch is collected
by a collector section to the capacitor.

Further, in particular, the electro-magnetic valve driver
has a failure detector detecting an open failure of the second
upstream switch which disables a switch ON of the second
upstream switch, and also has a delay section.

The delay section delays a switch OFF timing of the
downstream switch from the end timing of the electricity
supply time by a delay time of preset amount when the open
failure is detected by the failure detector.

When the delay section delays the OFF timing of the
downstream switch from the end timing of the electricity
supply time, an amount of the flyback energy collected by
the flowback section to the capacitor at the end timing of the
electricity supply time decreases.

That is, in a normal time in which the delay section does
not function, the downstream switch is switched OFF at the
end timing of the electricity supply time, and an ON-OFF
control of the first upstream switch is ended, thereby keeping
the first upstream switch in an OFF state and causing the coil
to generate a large flyback energy.

On the other hand if only keeping the downstream switch
switched to ON for a predetermined period after the end
timing of the electricity supply time, the circuit during such
a delay time is put in a state in which “the downstream
switch=ON” and “the first upstream switch=OFF” and the
flowback section flows the electric current back to the coil.
Then, by such a flowback of the electric current, the energy
accumulated in the coil is consumed, and by the time when
the downstream switch is switched to OFF, the coil is
controlled to one of the following states, i.e., (a) the energy
will not be generated by the coil any more, or (b) the amount
of the generated energy by the coil is only nominal, if any.

Therefore, when open failure is caused in the second
upstream switch which forms a discharge path from the
capacitor to the coil according to the electro-magnetic valve
driver of the present disclosure, the flyback energy collected
by the collector section via the collector section to the
capacitor is reduced, for the prevention of continuation of
the rise of the charge voltage of the capacitor. Therefore, a
drive control of the electro-magnetic valve can be continued
for a long time, without damaging other components other
than the second upstream switch. Further, there is no need to
add a circuit for a forceful discharge of the capacitor.

Numerals in a parenthesis in the claims show a corre-
spondence relationship with concrete examples disclosed in
the embodiment which serves as one of many modes of the
disclosure, which do not at all limit a technical scope of the
present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

Objects, features, and advantages of the present disclosure
will become more apparent from the following detailed
description made with reference to the accompanying draw-
ings, in which:

FIG. 1is a block diagram of a fuel injection control device
(ECU) in a first embodiment of the present disclosure;
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FIG. 2 is a time chart of a normal control operation of an
electric current controller;

FIG. 3 is an illustration of a problem;

FIG. 4 is another illustration of the problem;

FIG. 5 is a flowchart of an operation of a fail-safe control
part in the first embodiment of the present disclosure;

FIG. 6 is a diagram of a data map in which a relationship
between a capacitor voltage and a delay time is shown;

FIG. 7 is a first explanation diagram of an effect in the first
embodiment of the present disclosure;

FIG. 8 is a second explanation diagram of an effect in the
first embodiment of the present disclosure; and

FIG. 9 is a flowchart of the operation of the fail-safe
control part in the second embodiment of the present dis-
closure.

DETAILED DESCRIPTION

In the following, an embodiment of the fuel injection
control device serving as an electro-magnetic valve driver is
described with reference to the drawing.

The fuel injection control device (i.e., henceforth an ECU)
of the present embodiment drives an injector, which may be
an electro-magnetic valve which injects and provides fuel to
each of four cylinders (i.e., cylinder #1 to cylinder #4) in the
multi-cylinder engine of a vehicle. The ECU controls a fuel
injection amount and a fuel injection timing of each of the
four cylinders (i.e., cylinder #1 to cylinder #4) by controlling
an electricity supply time and an electricity supply timing
(i.e., when and how long) for supplying electricity to a coil
of the injector.

Further, in the present embodiment, although a transistor
(i.e., a switching element) serving as a switch is, for
example, MOSFET, the transistor may also be another
device, such as a bipolar transistor, an IGBT (i.e., Insulated
Gate Bipolar Transistor) and the like.

First Embodiment

As shown in FIG. 1, an ECU 1 is provided with a terminal
5 to which one end (i.e., an upstream side) of a coil 2a of an
injector 2, which is a driving object of the driver device, a
terminal to which the other end of the coil 2a (ie., a
downstream side) is connected, a transistor T10 having one
of its output terminals connected to the terminal 7, an
electric current detecting resistor R10 connected between
the other output terminal of the transistor T10 and a ground
line. The ground line has a standard voltage equal to 0 volt.

The injector 2, when receiving a supply of electricity to
the coil 2a, injects fuel by a move of a valve body (i.e., a
so-called nozzle needle) to an open valve position, that is, by
an opening of a valve. Further, when the electricity supply
to the coil 2a is interrupted, the valve body returns to its
original position (i.e., the valve is closed) and the injection
of the fuel is stopped.

In FIG. 1, only one of the four injectors 2 is shown, which
is in a cylinder #n of the four cylinders (n: 1 to 4). The
following description is about a drive of that one of four
cylinders. More practically, one terminal 5 serves four
injectors 2 in respective cylinders, and the coils 2a in
respective cylinders are connected to that one terminal 5.
The terminal 7 and the transistor T10 are provided in four
sets, i.e., one set for one cylinder. The transistor T10 is a
switching element for selecting an injector 2, which is a
driving object of a drive by the ECU at the moment and may
also be an injecting cylinder in other words, and is thus
called a cylinder selection switch.
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The ECU 1 is further provided with a transistor T11
serving as a constant electric current switching element
which has one of its output terminals connected to an
electricity supply line Lp that has a supply of a battery
voltage VB (i.e., a voltage of a positive terminal of an
in-vehicle battery), a reverse current protection diode D11
having its anode connected to the other output terminal of
the transistor T11 and its cathode connected to the above-
mentioned terminal 5, an electric current flowback diode
D12 having its anode connected to the ground line and its
cathode connected to the terminal 5, and a booster circuit 33.

The booster circuit 33 is a booster type DC/DC converter,
and is provided with a capacitor C0 in which the electric
energy discharged from the coil 2a is accumulated and a
charge circuit 35 which boosts the battery voltage VB for the
charging of the capacitor C0.

The charge circuit 35 is provided with a coil L0 having its
one end connected to the electricity supply line Lp, a
transistor TO disposed in series on a path the other end of the
coil L0 and the ground line, and a reverse electric current
protection diode D0 having its anode connected to a path
between the other end of the coil L0 and an L0 side terminal
(i.e., a drain) of the transistor T0.

The capacitor C0 is disposed in series on a path between
a cathode of the diode D0 and the ground line. Though the
capacitor C0 in the present embodiment is an aluminum
electrolytic condenser, for example, the capacitor of other
type may also be usable.

In the booster circuit 33, when the transistor TO is
switched ON and OFF, a flyback voltage (i.e., a reverse
electromotive voltage) that is higher than the battery voltage
VB is generated at a junction point between the coil L0 and
the transistor T0, and the capacitor CO0 is charged by such a
flyback voltage via the diode D0. Therefore, the capacitor
C0 is charged by a voltage higher than the battery voltage
VB.

The ECU 1 is further provided with a transistor T12
serving as an electricity discharge switching element for
electricity discharge which connects a positive side of the
capacitor C0 to the terminal 5, an energy collecting diode
D13 for collecting energy which has the anode connected to
the terminal 7 and its cathode connected to the positive side
of' the capacitor C0, a drive control circuit 37 which controls
the transistors T0, T10, T11, and T12, a voltage division
circuit 38 which divides a voltage VC on a positive side of
the capacitor CO0 (i.e., a charge voltage of the capacitor CO0,
and is called a capacitor voltage hereafter) by a predeter-
mined ratio for inputting the divided voltage to the drive
control circuit 37, and a microcomputer 39.

The drive control circuit 37 is an IC, for example, and is
provided with a charge controller 37a which controls the
transistor TO of the charge circuit 35, and an electric current
controller 375 which controls the electric current supplied to
the coil 2a by controlling the transistors T10 and T11, and
T12, and a fail-safe controller 37¢ which performs a fail-safe
operation at a time of an open failure that disables a switch
ON of the transistor T12.

The microcomputer 39 is provided with a CPU 41 which
executes a program, a ROM 42 which stores a program,
constant data and the like, a RAM 43 which stores calcu-
lation results by the ROM 42, an A-D converter (ADC) 44,
and the like.

Further, the microcomputer 39 receives various inputs,
such as a signal of an engine rotation speed NE (i.e., engine
rotation speed), a signal of an accelerator opening ACC by
an operation of the driver of the vehicle, a signal of an
engine cooling water temperature THW, and the like.
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Further, based on the operation state of the engine
detected by the various input signals, the microcomputer 39
generates an injection instruction signal for each of the four
cylinders, and outputs the signal to the drive control circuit
37.

The injection instruction signal instructs the coil 2a of the
injector 2 to receive electricity while the signal is in an
active level (i.e., in HIGH level in the present embodiment,
for example), that is, opens the valve of the injector 2. In
other words, the microcomputer 39 sets, for each of the four
cylinders, an electricity supply time for the coil 2a of the
injector 2, and puts the injection instruction signal of the
subject cylinder in HIGH level only during the electricity
supply time.

In the drive control circuit 37, the capacitor voltage VC is
detected based on the voltage inputted from the voltage
division circuit 38. Then, the charge controller 37a of the
drive control circuit 37 controls, i.e., switches ON and OFF,
the transistor T0 of the charge circuit 35 so that the capacitor
voltage VC becomes the target voltage when all injection
instruction signals for every cylinder from the microcom-
puter 39 are put in LOW level (i.e., when no fuel injection
is performed). Then, if the capacitor voltage VC is equal to
or becomes greater than the target voltage, the charge
controller 37a keeps the transistor TO in a switched OFF
state, and stops the charging of the capacitor C0. The target
voltage is higher than the battery voltage, for example,
which is 65 V.

Next, a normal control operation of the electric current
controller 375 in the drive control circuit 37 is described
with reference to FIG. 2.

As shown in FIG. 2, after switching of an injection
instruction signal S#n of an n-th cylinder #n outputted from
the microcomputer 39 to HIGH level, the electric current
controller 37b keeps, in an ON state, the transistor T10 that
corresponds to the injector 2 of the n-th cylinder #n during
such a HIGH level period of the injection instruction signal
S#n. Further, when the injection instruction signal S#n
becomes HIGH, the electric current controller 375 also
switches ON the transistor T12.

In such manner, the positive side of the capacitor CO is
connected to the terminal 5, and discharge of the electricity
is caused from the capacitor CO to the coil 2a, and the
electricity supply to the coil 2q is started by such an electric
discharge.

After the switching ON of the transistor T12, the electric
current controller 375 detects, by detecting a voltage in the
resistor R10, an electric current in the coil 2a (i.e., the
electric current may also be a driving current of the injector
2, and is thus called a coil current hereafter), and switches
OFF the transistor T12 when detecting that the coil current
becomes a target maximum value ip (e.g., 12 A) at the start
timing of the electricity supply.

In such manner, at the start timing of the electricity supply
to the coil 2a, the electric energy accumulated in the
capacitor CO0 is discharged to the coil 2a. In this example, by
the time the electric current reaches the target maximum
value ip, the discharge electric current from the capacitor C0
to the coil 2a is a peak current for performing a quick valve
opening operation of the injector 2. In this case, a switching
ON period of the transistor T12 may also be configured, for
example, as a constant period.

After switching OFF of the transistor T12, the electric
current controller 375 performs a constant electric current
control which switches ON/OFF the transistor T11 so that
the coil current detected as the voltage in the electric current
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detecting resistor R10 becomes a constant electric current
that is smaller than the above-mentioned target maximum
value ip.

More practically, the electric current controller 375 per-
forms an ON-OFF control of the coil current by the switch-
ing ON and OFF of the transistor T11 for a preset period Ta
after an injection instruction signal S#n switched to HIGH
timing (i.e., after the start timing of the electricity supply),
in which (i) the transistor T11 is switched ON when the coil
current is detected to be equal to or lower than a first lower
threshold ic1L, and (ii) the transistor T11 is switched OFF
when the coil current is detected to be equal to or higher than
a first upper threshold ic1H. Then, the electric current
controller 376 performs an ON-OFF control of the coil
current by the switching ON and OFF of the transistor T11
for a period that is defined as the one after the above-
described preset period Ta and until the injection instruction
signal S#n is switched to LOW level, in which (i) the
transistor T11 is switched ON when the coil current is
detected to be equal to or lower than a second lower
threshold ic2L, and (ii) the transistor T11 is switched OFF
when the coil current is detected to be equal to or higher than
a second upper threshold ic2H.

In such case, the above-described thresholds and the
target maximum value fulfill the following high-low rela-
tionship. That is, as shown in FIG. 2,
“ip>ic1H>ic1L>ic2H>ic2L..”

With such a constant electric current control, when the
coil current falls from the target maximum value ip to be
equal to or lower than the first lower threshold id L, ON and
OFF of the transistor T11 is repeated, and an average value
of'the coil current is maintained in a range between ic1H and
iclL, i.e., maintained as a first constant current id for the
preset period Ta after the start timing of the electricity
supply. Then, for a period after the above-described preset
period Ta and until the injection instruction signal S#n is
switched to LOW level (i.e., by the end timing of the
electricity supply), the average value of the coil current is
maintained in a range between ic2H and ic2L, i.e., main-
tained as a second constant current ic2 (<icl).

That is, in the above example, the constant current sup-
plied to the coil 2a is switched in two steps, from the first
constant current id (e.g., 6 A) to the second constant current
ic2 smaller than ic2 (e.g., 4 A). The first constant current id
is an electric current (i.e., so-called “pick-up current”) for
securely putting the injector 2 in a valve-open state, and the
second constant current ic2 is the minimum current (i.e.,
so-called “hold current”) required for maintaining the valve-
valve-open state of the injector 2.

At the time of switching ON of the transistor T11, the
electric current flows from the electricity supply line Lp to
the coil 2a via the transistor T11 and the diode D11, and the
electric current flows back from the ground line via the diode
D12 (to it) at the time of switching OFF of the transistor T11.

Further, as shown in the second row from the bottom in
FIG. 2, for a while after the injection instruction signal S#n
is switched to HIGH (i.e., for a short time until the coil
current reaches the first upper threshold ic1H), the transistor
T11 is switched to ON by the above-described control.

Thereafter, when the injection instruction signal S#n from
the microcomputer 39 is switched from HIGH level to LOW
level, the electric current controller 375 switches OFF the
transistor T10, and ends the ON-OFF control (i.e., the
constant electric current control) of the transistor T11, and
holds the transistor T11 in the OFF state.
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Then, the electricity supply to the coil 2a stops, the
injector 2 closes the valve, and the injection of fuel by the
injector 2 is finished.

Further, when the injection instruction signal S#n is
switched to LOW level and both of'the transistor T10 and the
transistor T11 are switched OFF, the flyback energy is
generated in the coil 2a, which is then collected in a form of
electric current by the capacitor C0 through the diode D13
which serves as an energy collecting path. The electric
current which flows to the capacitor C0 through the diode
D13 is called as a regeneration current (refer to the second
row from the bottom in FIG. 3).

Note that other injectors 2 in other cylinders other than the
above-described n-th cylinder #n are driven in the same
manner.

Next, the fail-safe controller 37¢ of the drive control
circuit 37 is described.

First, the reason why the fail-safe controller 37¢ is used is
described.

When the open failure disabling a switch ON is caused in
the discharge transistor T12, the coil 2a of the injector 2 will
not receive the capacitor voltage VC. However, the battery
voltage VB can still be supplied to an upstream side circuit
(i.e., to a circuit including the transistor T11 and the diodes
D11, D12) that flows a constant current to the coil 2a.
Therefore, the injector 2 can still be driven by the battery
voltage VB for the valve-opening operation, although valve-
opening responsiveness falls from the normal time.

FIG. 3 shows transistor operations, regarding the transis-
tors T10, T11, for the electricity supply to the coil 2a at an
open failure time of the transistor T12 under the normal
control (i.e., operation described in FIG. 2) of the electric
current controller 375, together with other conditions.

In FIG. 3, a “downstream side voltage of the coil” is the
voltage of the terminal 7. Such a notation also applies to the
other drawings.

As shown in FIG. 3, since the above-mentioned first
constant current icl (i.e., a pick-up current) can be supplied
to the coil 2a at least, the valve opening operation of the
injector 2 is performable. Further, as an example of a special
mode of control that is performed for handling an open
failure of the transistor T12, which is shown in FIG. 3 as a
dotted line wave form in the “coil current” row, a first switch
ON of the transistor T11 after the start timing of the
electricity supply may be continued by the time when the
coil current reaches a certain target value that is higher than
the first upper threshold ic1H (i.e., until the coil current
reaches the target maximum value ip mentioned above in
this case).

According to such a special mode of control, a delay of
the valve-opening response of the injector 2 due to the open
failure of the transistor T12 is decreased/reduced.

However, as shown in FIG. 3 (i.e., especially in the
second row from the bottom), even when the injector 2 is
driven only by the battery voltage VB, at the end timing of
the electricity supply to the coil 2a, the flyback energy of the
coil 2a generated by the switching OFF of the transistor T10
is collected via the diode D13 to the capacitor C0. Further,
since the open failure is caused in the transistor T12,
discharge of electricity from the capacitor C0 will not be
performed.

Therefore, even after the capacitor voltage VC has
reached the target voltage by the charge controller 37a, the
capacitor voltage VC continues to go up. The larger the coil
current at the switch OFF time of the transistor T10 is, the
larger the regeneration current which flows to the capacitor
C0 via the diode D13 becomes, which results in a larger rise
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of the capacitor voltage VC. In such a case, when the
regeneration current flows to the capacitor C0 via the diode
D13, the downstream side voltage of the coil 2a (ie., a
voltage of the terminal 7) is lower than the capacitor voltage
VC by a forward voltage of the diode D13 (refer to the fourth
row in FIG. 3).

Therefore, when the transistor T12 suffers from the open
failure, the capacitor voltage VC goes up every time the
injector 2 is driven (i.e., at the end timing of the electricity
supply to the coil 2a, more specifically) as shown in FIG. 4.
Although, in FIG. 4, (i) the timing of switching the injection
instruction signal S#n to LOW level and (ii) the timing of
first switching OFF of the transistor T11 based on the
detected value of the coil current are depicted as the same
timing for illustration purposes, a HIGH period of the
injection instruction signal S#n is set according to an engine
operational state. The same applies also to FIG. 8 that is
mentioned later.

Then, as shown in the bottom row of FIG. 4, when the
capacitor voltage VC goes up to exceed the tolerance voltage
(e.g., 80 V) of the circuit element (e.g., the diodes D0, D13)
on which the capacitor voltage VC is directly applied, the
circuit element will break down. That is, the secondary
failure is caused. Further, for example, when a short-circuit
failure is caused in the diode D13, the capacitor voltage VC
is applied to the terminal 7, and the transistor T10 may break
down. Also, for example, when a short-circuit failure is
caused in the diode DO, the transistor T0 may break down.
Thus, multi-component failures, such as the secondary fail-
ure and the third failure, are caused.

When such multi-component failure is caused, there is no
guarantee for a normal/proper drive of the injector 2, leading
to an engine stop and hindrance of the vehicle travel.

Further, for example, for the prevention of the multi-
component failure, the drive of the injector 2 may be
forcefully stopped when an excessive capacitor voltage VC
exceeding the predetermined value is detected. However,
simply stopping the drive of the injector 2 will lead to the
same result. In other words, when the open failure is caused
in the transistor T12, the capacitor voltage VC immediately
exceeds the above-mentioned predetermined value, causing
a forced stop of the drive of the injector 2, which also stops
the engine and the travel of the vehicle is hindered.

Therefore, as described above, when the transistor T12
suffers from the open failure, an abnormal rise of the
capacitor voltage VC is immediately caused if no action is
taken, and the drive of the injector 2 is disabled, and the
driver of the vehicle has no way of performing a retreat
travel of the vehicle into a safe/non-hazardous place.

In order not to be involved in the above-described prob-
lematic situation, in the ECU 1, the fail-safe controller 37¢
is provided.

Next, the operation of the fail-safe controller 37¢ is
described with reference to FIG. 5.

As shown in FIG. 5, the fail-safe controller 37¢ deter-
mines whether an open failure is caused in the transistor T12
(S110). For example, the fail-safe controller 37¢ determines
whether an input voltage from the voltage division circuit 38
is equal to or higher than a predetermined threshold value
during a time when the driving signal from the drive control
circuit 37 to the transistor T12 has an active level, which
switches ON the transistor T12. Then, when the fail-safe
controller 37¢ determines that the input voltage from the
voltage division circuit 38 is equal to or higher than the
threshold value, the controller 37¢ determines that the tran-
sistor T12 is normally switched ON, and when the fail-safe
controller 37¢ determines that the input voltage from the
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voltage division circuit 38 is not equal to or higher than the
threshold value, the controller 37¢ determines that the tran-
sistor T12 has an open failure.

When the fail-safe controller 37¢ has determined that the
transistor T12 is normally operated (i.e., an open failure is
not caused) (S110:NO), the controller 37¢ allows the electric
current controller 375 to perform a normal control operation
(S120). The normal control operation is an operation
described with reference to FIG. 2.

On the other hand when the fail-safe controller 37¢ has
determined that the transistor T12 has an open failure
(S110:YES), the controller 37¢ determines, based on the
input voltage from the voltage division circuit 38, whether
the capacitor voltage VC exceeds a predetermined value
Vmax (S130). The predetermined value Vmax may be set to
the above-mentioned tolerance voltage (e.g., a breakdown
voltage of the diodes D0, D13), or may be set to a prede-
termined value that is smaller than such a breakdown
voltage by a margin.

Further, when the fail-safe controller 37¢ has determined
that the capacitor voltage VC has not exceeded the prede-
termined value Vmax (S130:NO), the fail-safe controller
37c¢ sets up a delay time Td based on an actually-detected
capacitor voltage VC (S140).

The delay time Td is, as shown in FIG. 7, a delay of an
OFF timing of the transistor T10 delayed from a timing
when the injection instruction signal S#n is switched to
LOW level (i.e., from the end timing of the electricity supply
which is set by the microcomputer 39). The fail-safe con-
troller 37¢ sets a longer delay time Td in proportion to a
highness (i.e., amount, level, or magnitude) of the capacitor
voltage VC.

For example, the drive control circuit 37 may have a
memory, and a data map shown in FIG. 6 representing a
relationship between the capacitor voltage VC and the delay
time Td may be memorized in the memory. The fail-safe
controller 37¢ may read, from the data map, the value of the
delay time Td corresponding to the actual capacitor voltage
VC, and sets the read value as the delay time Td to be used
for a control of the transistor T10. As an alternative con-
figuration, the fail-safe controller 37¢ may select one of
many preset delay times Td respectively set to correspond to
VC voltage ranges. In such a configuration, a complex
calculation/information-processing is saved.

Then, the fail-safe controller 37¢ allows the electric
current controller 376 to perform an OFF delay control
operation, which replaces the normal control operation of
FIG. 2 (S8150). The OFF delay control operation of the
transistor T10 is different from the normal control operation
in that “an OFF timing of the transistor T10 is delayed from
a timing of switching the injection instruction signal S#n to
LOW level by a delay time Td that is set by the fail-safe
controller 37¢. Further, when the fail-safe controller 37¢
detects an open failure of the transistor T12, the fail-safe
controller 37¢ may allow the electric current controller 375
to perform the special mode of control mentioned above
regarding a first-time switch ON of the transistor T11.

On the other hand, the fail-safe controller 37¢ allows the
electric current controller 376 to stop the drive of the
transistors T10, T11, and T12 (S160), when the fail-safe
controller 37¢ determines that the capacitor voltage VC
exceeds the predetermined value Vmax (S130:YES). That
is, the drive of the injector 2 is forcefully stopped irrespec-
tive of the injection instruction signal S#n.

The determination results by the fail-safe controller 37¢
(e.g., the transistor T12 having an open failure, the capacitor
voltage VC exceeding the predetermined value Vmax, and
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the like) may be transmitted to the microcomputer 39 from
the drive control circuit 37 as determination result informa-
tion. When configured in the above-described manner, it is
not necessary for the microcomputer 39 to perform a process
for outputting the injection instruction signal S#n, etc., in
case that the drive of the injector 2 is forcefully stopped by
the drive control circuit 37. Further, the microcomputer 39
may be able to light a warning lamp or other similar
processes upon detecting an open failure of the transistor
T12.

The drive control circuit 37 in the ECU 1 of the present
embodiment is provided with the above-mentioned fail-safe
control parts 37c. Therefore, the drive control circuit 37
drives the injector 2 only by the battery voltage VB when an
open failure of the transistor T12 is detected, with a delay of
the OFF timing of the transistor T10 delayed from the switch
timing of the injection instruction signal S#n switched to
LOW level, by the delay time Td.

Therefore, by such a delay of the OFF timing, the flyback
energy (i.e., the regeneration current) collected via the diode
D13 to the capacitor C0 at the end timing of the electricity
supply to the coil 2a decreases.

In other words, by keeping an ON state of the transistor
T10 for the delay time Td after the switching of the injection
instruction signal S#n to LOW level, due to a fulfillment of
the two conditions, i.e., (i) “the transistor T10=ON” and (ii)
“the transistor T11=OFF” for such a delay time Td, the
electric current flows back to the coil 24 via the diode D12.
Then, by such a flow back of the electric current, the energy
stored in the coil 2a is consumed and the coil current at the
time of switching OFF of the transistor T10 is reduced to be
very small in comparison to a FIG. 3 situation. Therefore,
when the transistor T10 is switched OFF, the flyback energy
will not be generated by the coil 2a any more, or the flyback
energy, if ever generated by the coil 24, will controlled to be
nominal. This is the reason why the regeneration current in
FIG. 7 is smaller than the regeneration current in FIG. 3.

Therefore, according to the ECU 1 in the present embodi-
ment, when an open failure is caused in the transistor T12,
the flyback energy collected to the capacitor C0 is reduced.
Thus, as shown in FIG. 8, even when the drive of the injector
2 is repeated with the transistor T12 being in the open failure
state, the excess of the capacitor voltage VC exceeding the
above-mentioned tolerance voltage is prevented. Further,
even in case that the capacitor voltage VC continues to go
up, the speed of voltage increase is suppressed to be very
low.

Therefore, without causing the multi-component failure
mentioned above, the drive of the injector 2 is continued for
a long time, which enables the retreat travel of the vehicle.
Further, there is no need to add a circuit for a forceful
discharge of the capacitor C0.

Further, in FIG. 7, the dotted line wave form in the “coil
current” row represents the coil current at the time of
performing the special mode of control mentioned above by
the electric current controller 376 when the fail-safe con-
troller 37¢ detects an open failure of the transistor T12. As
mentioned above, when the special mode of control is
performed as mentioned above, the delay of the valve-
opening response of the injector 2 due to the open failure of
the transistor T12 is reduced.

Further, in the present embodiment, since the delay time
Td is changed according to the capacitor voltage VC, the
delay time Td is optimized.

In particular, in the present embodiment, the delay time
Td is set to be a longer time as the capacitor voltage VC
increases. Therefore, the rise of the capacitor voltage VC
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and the influence on the fuel injection control from the delay
of the OFF timing of the transistor T10 are suppressed/
prevented at the same time without compromise.

In other words, in case that the capacitor voltage VC is
low, by setting the delay time Td to a shorter period of time,
the transistor T10 is switched OFF before the next fuel
injection start timing even when a fuel injection interval is
short. In an alternative case that the capacitor voltage VC is
high, by setting the delay time Td to a longer period of time,
the flyback energy collected to the capacitor CO0 is reduced
further, and the rise of the capacitor voltage VC is controlled
further, or is prevented.

In the present embodiment, when the drive control circuit
37 (i.e., the fail-safe controller 37¢) determines that the
capacitor voltage VC has exceeded the predetermined value
Vmazx, it forcefully stops the drive of the injector 2 (S130:
YES, S160). Therefore, in case that the transistor T12 suffers
from the open failure, even when the capacitor voltage VC
goes up little by little, the multi-component failure of the
circuit element is securely prevented. Further, even in such
a case, the number of fuel injection times after the open
failure of the transistor T12 until a forced stop of the drive
of the injector 2 is increased to a very large value, thereby
reserving a time for a retreat travel of the vehicle.

On the other hand, as a modification of the above, the
delay time Td may be a fixed amount of time. For example,
when the delay time Td is set to a time period that allows the
regeneration current to the capacitor C0 to be decreased to
0, the rise of the capacitor voltage VC at the open failure
time of the transistor T12 is diminished.

Second Embodiment

In the second embodiment, the ECU is described with the
same numeral “1” as the first embodiment assigned thereto.
Besides, other components same as the first embodiment
also have the same numerals.

As compared with the ECU 1 in the first embodiment, the
fail-safe controller 37¢ of the drive control circuit 37 in the
ECU 1 of the second embodiment performs the operation
shown in FIG. 9, instead of performing the operation in FIG.
5. In the operation in FIG. 9, step S145 replaces step S140
of FIG. 5.

In other words, the fail-safe controller 37¢ sets the delay
time Td based on both of the capacitor voltage VC and an
engine rotation speed NE (S145).

For example, in the memory of the drive control circuit
37, a data map is stored for the setting of the delay time Td.
In such a data map, regarding the capacitor voltage VC, the
higher the capacitor voltage VC is, the delay time Td is
defined as a longer period, and regarding the engine rotation
speed NE, the higher the engine rotation speed NE is, the
delay time Td is defined as a shorter period. Thus, the
fail-safe controller 37¢ reads, from the data map, a value of
the delay time Td corresponding to the actually-detected
capacitor voltage VC and engine rotation speed NE, and sets
the read value as the delay time Td that is used for a control
of the transistor T10.

According to such an ECU 1 in the second embodiment,
in addition to the effect by the ECU 1 of the first embodi-
ment, the delay time Td is optimized in consideration of the
engine rotation speed NE.

In other words, the quantity of drive times per-unit-time
(i.e., number or amount of drive times per-unit-time) of the
injector 2 increases according to an increase of the engine
rotation number, which means that a driving interval of the
injector 2 (i.e., a fuel injection interval) is decreased/short-
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ened. Thus, according to the ECU 1 of the second embodi-
ment, when the engine rotation speed NE is high, the delay
time Td is shortened and the transistor T10 is switched OFF
before the start of the next fuel injection (i.e., before the start
of driving of the injector 2). Further, when the engine
rotation speed NE is low, by setting a longer period for the
delay time Td, the rise of the capacitor voltage VC is further
controlled, or is prevented. In such a case, the delay time Td
may also be set according solely to the engine rotation speed
NE.

Although the present disclosure has been fully described
in connection with preferred embodiment thereof with ref-
erence to the accompanying drawings, it is to be noted that
various changes and modifications become apparent to those
skilled in the art. Further, the above-mentioned numerical
value may only be an example and other values may also be
adoptable.

For example, the electro-magnetic valve of a driving
object may be not only the injector 2 but also an electro-
magnetic valve for an adjustment of injection amount in a
fuel feed pump which feeds a high-pressure fuel to the
injector 2, for example. In such a case, similar to the injector
2, as the engine rotation number becomes higher, the quan-
tity (i.e., number or amount) of drive times per unit time
increases, similar to the first embodiment.

Further, the fail-safe controller 37¢ configured to perform
the operation of S130 and S160 in FIG. 5 and FIG. 9 at the
time of detecting the open failure of the transistor T12 in the
above-mentioned embodiment may be modified to perform
the operation of S130 and S160 without regard to the
detection result of the open failure of the transistor T12.

Further, functions described as being possessed by one
component in the above embodiment may be distributed to
be performed by plural components, or functions possessed
by respectively different plural components may be per-
formed by only one component.

More practically, multiple controllers 374, 375, and 37¢ in
the drive control circuit 37, i.e., in one component, may be
distributed to two or more components, or the microcom-
puter 39 may perform a part of many functions or an entire
set of many functions of the drive control circuit 37.

Further, a part of configuration in the above-mentioned
embodiment may be replaced with a publicly-known con-
figuration which has the same function. Further, a part of
configuration in the above-mentioned embodiment may be
omitted as long as the problem is solvable. Even in such a
case, all the modes contained in the technical thought recited
in the claims are included in the embodiments of the present
disclosure. Further, besides the ECU 1 described above, the
present disclosure may also be realizable in various forms,
such as a system having the ECU 1 as its component, a
program that controls a computer to be serving as the ECU
1, a storage medium storing such a program, a drive method
for driving an electro-magnetic valve and the like.

Such changes, modifications, and summarized schemes
are to be understood as being within the scope of the present
disclosure as defined by appended claims.

What is claimed is:

1. An electro-magnetic valve driver comprising:

an electro-magnetic valve having a coil;

a downstream switch disposed in series at a position on a
downstream side of the coil in an electric current path
that supplies an electric current to the coil;

a first upstream switch disposed in series at a position
between (i) an electricity supply line to which an
electricity supply voltage is applied and (i) an
upstream side of the coil in the electric current path;
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a capacitor storing an electric energy that is discharged to
the coil;

a charger charging electricity for the capacitor to raise a
charge voltage of the capacitor to a target voltage that
is higher than the electricity supply voltage;

a second upstream switch connecting the capacitor to an
upstream side of the coil in the electric current path;

a flowback section flowing the electric current back to the
capacitor when the first upstream switch is switched
from ON to OFF during a switch ON period of the
downstream switch;

an electricity supply time setting section that sets an
electricity supply time for supplying the electricity to
the coil;

an electric current controller switching the downstream
switch to ON during the electricity supply time set by
the electricity supply time setting section while
(1) supplying a peak electric current from the capacitor

to the coil for a quick operation of the electro-
magnetic valve by switching the second upstream
switch to ON at a start timing of the electricity
supply time,

(ii) after supplying the peak electric current, supplying
a constant electric current that is smaller than the
peak electric current to the coil by (a) switching the
second upstream switch to OFF and (b) performing
a first upstream switch ON-OFF control, and

(iii) after an end timing of the electricity supply time,
ending the first upstream switch ON-OFF control
and switching the first upstream switch to OFF;

a collector section collecting to the capacitor a flyback
energy of the coil generated by a switch OFF of the
downstream switch and the first upstream switch;

a failure detector detecting an open failure of the second
upstream switch which disables a switch ON of the
second upstream switch; and

a delay section delaying a switch OFF timing of the
downstream switch from the end timing of the elec-
tricity supply time by a preset delay time that is
changed in proportion to the charge voltage of the
capacitor, when the open failure is detected by the
failure detector.

2. The electro-magnetic valve driver of claim 1, wherein

the delay section increases the delay time to have a longer
amount according to a magnitude of the charge voltage.

3. The electro-magnetic valve driver of claim 1, wherein

a quantity of drive times per-unit-time of the electro-
magnetic valve increases as an engine rotation speed
increases, and

the delay section changes the delay time according to the
engine rotation speed.

4. The electro-magnetic valve driver of claim 3, wherein

the delay section shortens the delay time as the engine
rotation speed increases.

5. The electro-magnetic value driver of claim 1, further

comprising

a drive control circuit that includes memory, the memory
includes a data map that includes correlation data
between the charge voltage of the capacitor and the
preset delay time, and

a fail-safe controller that is located in the drive control
circuit and that includes the delay section, the fail-safe
controller configured to retrieve the correlation data
from the memory of the drive control circuit and to
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change the preset delay time in proportion to the charge
voltage of the capacitor according to the correlation
data.
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